The mechanisms through which dietary restriction enhances health and longevity in diverse species are unclear. The transsulfuration pathway (TSP) is a highly conserved mechanism for metabolizing the sulfur-containing amino acids, methionine and cysteine. Here we show that Drosophila cystathionine β-synthase (dCBS), which catalyzes the rate-determining step in the TSP, is a positive regulator of lifespan in Drosophila and that the pathway is required for the effects of diet restriction on animal physiology and lifespan. dCBS activity was up-regulated in flies exposed to reduced nutrient conditions, and ubiquitous or neuron-specific transgenic overexpression of dCBS enhanced longevity in fully fed animals. Inhibition of the TSP abrogated the changes in lifespan, adiposity, and protein content that normally accompany diet restriction. RNAi-mediated knockdown of dCBS also limited lifespan extension by diet. Diet restriction reduced levels of protein translation in Drosophila, and we show that this is largely caused by increased metabolic commitment of methionine cycle intermediates to transsulfuration. However, dietary supplementation of methionine restored normal levels of protein synthesis to restricted animals without affecting lifespan, indicating that global reductions in translation alone are not required for diet-restriction longevity. Our results indicate a mechanism by which dietary restriction influences physiology and aging.
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hydrogen sulfide | essential amino acids | metabolism | healthspan F or a broad range of taxonomically diverse organisms, the quality of their diet acts as a powerful modulator of health and longevity through molecular mechanisms that are largely unknown. Lifespan is extended, for example, when food is restricted to an extent that falls short of inducing starvation. In mammals, this manipulation, which is often called dietary restriction (DR), not only increases lifespan but also imparts a broad-spectrum improvement in health during aging. In humans, for example, DR reduces risk factors for diabetes, cardiovascular disease, and cancer (1) .
Transsulfuration is an evolutionarily ancient metabolic process that involves a network of enzymes responsible for the metabolism of sulfur-containing amino acids. The transsulfuration pathway (TSP) has been studied extensively in mammals, in which it has been shown to direct the conversion of homocysteine to cysteine following the breakdown of methionine, an essential amino acid. Flux through the TSP is known to affect overall cellular metabolism by directly influencing cysteine and methionine levels. Methionine availability affects protein synthesis and methylation, and it has been implicated in murine aging (2) . Cysteine availability controls the synthesis of glutathione (GSH), which is the chief regulator of cellular redox homeostasis and an important agent in xenobiotic detoxification (Fig. 1A) . Patients with genetic defects in the TSP are characterized by high levels of homocysteine, low levels of GSH, and increased incidence of age-related pathologies. Elevated homocysteine level is also associated with neurodegenerative disorders such as Parkinson disease and Alzheimer's disease (3) (4) (5) .
The central metabolic and regulatory functions of the TSP, together with its connection to age-related diseases, led us to examine whether it plays a causal role in aging or in diet-dependent longevity extension in the fruit fly, Drosophila melanogaster. We identified key components of the TSP in Drosophila and found that DR results in an increase in gene expression, protein level, and endogenous activity of the rate-limiting enzyme of the pathway. We also found that transgene-mediated increases in gene expression and enzyme activity of Drosophila cystathionine β-synthase (dCBS) are sufficient to increase fly lifespan and that inhibition of the TSP effectively blocks the lifespan extension normally observed in diet-restricted animals. Modulation of the TSP was also found to underlie the impact of diet on overall levels of protein translation, as well as on physiological homeostasis, suggesting that it is a key mechanism by which multiple aspects of organism biology respond to changes in nutrient availability.
Results
To determine whether the TSP is important for the DR response, we first asked whether key components of the pathway are conserved in Drosophila. Because mammalian cystathionine β-synthase (CBS) catalyzes the first and rate-determining step in the TSP, which involves the pyridoxal 5′-phosphate-dependent condensation of serine and homocysteine to form cystathionine (6), we focused on the CBS enzyme (Fig. 1A) . By using the human CBS protein sequence to search for the Drosophila gene, we confirmed previous indications that D. melanogaster has a single potential homologue, CG1753 (6) . As with human CBS, CG1753 contains a catalytic domain, a regulatory heme domain (6, 7), and two CBS domains that have been shown to function in AMP/ ATP sensing in other proteins (8) . CG1753 showed high similarity to human CBS in all these putative functional domains, including 64% identity in the catalytic domain (Fig. 1B) . We measured CBS activity of purified CG1753 by using radiolabeling methods, and found it to be equally or more active than human CBS, which is in agreement with the high sequence identity (9, 10) . The heme spectrum of CG1753 protein is also identical to human CBS (Fig. S1 ). Together, these results indicate that CG1753 is the single fly orthologue of human CBS, and we hereafter refer to it as dCBS.
We next asked whether diet alters dCBS activity or activity of the TSP in vivo. We found that endogenous dCBS activity was increased in extracts prepared from diet-restricted flies compared with extracts from fully fed animals ( Fig. 2A) . We observed a concomitant increase in dCBS protein (Fig. 2B ) and dCBS mRNA (Fig. 2C) , which indicates significant transcriptional up-regulation. Notably, GSH is a downstream metabolite of the TSP; its synthesis is dependent on the availability of cysteine. GSH levels were increased in diet-restricted flies (Fig. 2D , gray bars). These data indicate that the significant increases in dCBS mRNA and protein levels in low-nutrient conditions led to an increase in overall TSP activity.
If DR involves up-regulation of dCBS and the TSP, we would expect that inhibition of the pathway should abrogate any dietdependent changes in lifespan. CBS −/− KO mice exhibit severe growth retardation and death by 5 wk of age (11), and we found that strong, constitutive expression of dCBS RNAi resulted in death during development. We therefore targeted RNAi-mediated knock-down of dCBS to the adult stage by using the Geneswitch inducible expression system (12, 13) . Using this system, transgenic expression is promoted when flies are exposed to the drug mifepristone (RU486), which is administered by placing it in the adult food (200 μM). Ubiquitous expression of dCBS RNAi using a Geneswitch GAL4 driver under control of the α-tubulin84B promoter was ineffective at 25°C; we found no detectable change in dCBS mRNA or CBS enzyme activity in whole-animal homogenates from 10-d-old flies that were exposed to RU486 for 1 wk, suggesting inefficient knockdown. As expected, RNAi transgene expression at 25°C also had no effect on lifespan. Geneswitch drivers often result in weaker transgene expression compared with traditional GAL4 drivers, which likely explains the observed differences in larval vs. adult effects of dCBS RNAi. To enhance the potential for effective knockdown in the adult only, we coexpressed dicer2 by using the Tubulin Geneswitch driver and observed a partial reduction in dCBS activity in fly homogenates from diet-restricted animals (Fig. 3A) . When flies were aged at 29°C to further enhance RNAi expression, we found that dCBS RNAi partially abrogated increased lifespan by DR (Fig. 3B ) but had no effect on fully fed animals ( Fig. 3 B and C) . These results are consistent with a requirement for dCBS up-regulation for increased lifespan under low-nutrient conditions.
The difficulty of effective manipulation of dCBS by RNAi in adult flies led us to investigate pharmacological methods to alter TSP activity. We used propargylglycine (PPG) to inhibit the second enzyme of the TSP, γ-cystathionase (Fig. 1) . PPG is a specific suicidal inhibitor of γ-cystathionase, and it has been used extensively in cell culture and mouse model studies as an efficient and specific tool for modulation of TSP activity (14, 15) . To determine whether PPG targeted and inhibited the TSP in Drosophila, we measured its effect on the levels of GSH, which we have shown previously to be affected by diet. We confirmed that GSH levels were decreased by PPG administration in flies subjected to DR, whereas there was no effect of the inhibitor on fully fed animals (Fig. 2D) . These results confirm that PPG targets and inhibits the TSP in flies as it does in other organisms, A B and they support the notion that it effectively blocks increased pathway activity following DR. Consistent with our results from dCBS RNAi, we observed a robust suppression of DR lifespan extension upon administration of PPG. Among female flies that were administered the inhibitor, survival in low-and high-nutrient conditions was statistically indistinguishable (Fig. 4A) . Furthermore, longevity of fully fed flies was not affected by the addition of PPG, indicating that its effects are specific to diet restriction. We repeated this test using two additional wild-type lines (in two laboratories) and in all cases observed a complete suppression of lifespan extension ( Fig. 4 B and C) . We also observed that PPG abrogated the changes in lifespan that are normally observed when flies are maintained in different dietary concentrations and compositions (Fig. 4D) . For unknown reasons, the response of male flies to DR is known to be muted in comparison with females, and we find similar, but generally lesser, effects of PPG in this sex (Fig. S2) .
Nutrient manipulation in flies and in other organisms influences a range of phenotypes that are associated with general health, including fat deposition and overall energy balance (16) . Similar to mammals, Drosophila store energy from surplus calories in the form of triglycerides in specialized lipid dropletcontaining cells (17) . In flies that were exposed to diet-restriction, inhibition of the TSP significantly reduced levels of triglyceride and significantly increased levels of protein (Fig. 4 E  and F) , effectively eliminating the effects of diet on these physiological phenotypes. Triglyceride levels were significantly reduced in flies from all diets. Total protein levels, however, were specifically increased under DR conditions to the levels observed for fully fed flies. These results suggest that, in addition to its effects on lifespan, increased TSP activity in response to DR is associated with a metabolic shift that favors lipid storage and limits protein synthesis.
We next tested whether enhanced dCBS levels and TSP activity are sufficient to increase lifespan under fully fed conditions. We generated transgenic animals with dCBS cDNA fused downstream of the yeast upstream activating sequence for use in the Drosophila GAL4/UAS bipartite expression system. We took advantage of the φC31/PACMAN system to eliminate variation caused by insertional mutations by targeting constructs into known genomic locations (18) . To maintain background homogeneity, transgenic and control lines were obtained directly, without the use of chromosome balancer stocks. We confirmed effective and inducible transgene expression in adult flies (driven by the ubiquitous Geneswitch tubulin driver) by observing increases in dCBS mRNA and in CBS enzyme activity in wholeanimal extracts (Fig. 5A) . ). dCBS RNAi has no significant effect on lifespan in high-nutrient conditions (P = 0.22); n = 239 and n = 240 for RU486
+ and RU486 − (low nutrients); n = 238 and n = 240 for RU486 + and RU486 − (high nutrients). (C) RU486 has no effect on lifespan in control genotypes consisting of Geneswitch tubulin (i.e., Tub5) and UAS-Dicer alone (no UAS-RNA); n = 240 and n = 240 for RU486 + and RU486 − (low nutrients); n = 239 and n = 240 for RU486 + and RU486 − (high nutrients). We compared lifespans and physiology of fully fed transgenic and control flies in the presence and absence of RU486. We found in independent experiments (Table S1) that adult-specific ubiquitous dCBS expression was sufficient to increase female longevity from 12% to 43% (Fig. 5B and Table S1 ). Males, whose lifespan is relatively less affected by DR, exhibited a smaller, but significant, increase in lifespan upon dCBS overexpression ( Fig. S3 and Table S1 ). No such difference was observed in the empty-vector control lines, which rules out genomic-position effects and nonspecific effects of RU486 as causes for longevity extension. We then asked whether dCBS overexpression in key tissues that are known to be involved in the DR response in flies and other model systems is sufficient to affect lifespan. We found that neuronal overexpression also increased lifespan (Fig. 5C ), albeit modestly (approximately 12%), whereas overexpression in the fat body and the gut had no effect (Fig. 5 D and E) . Finally, overexpression mirrored the effect of TSP inhibition on physiology, supporting the idea that dCBS and TSP activation potentiate TAG storage and limit protein synthesis (Fig. 5 F and G) .
Canton-S
We next sought to define the underlying mechanism(s) through which dCBS and the TSP modulate lifespan and physiology in response to diet. We first investigated how the TSP and dCBS are activated under reduced-nutrient conditions. dCBS has significant homology to human CBS in two putative "CBS domains," which are found in otherwise unrelated proteins where they function as energy sensors (Fig. 1B) . AMPK, for example, which is required for certain methods of diet restriction to increase Caenorhabditis elegans lifespan, contains two pairs of CBS domains that bind AMP directly to mediate its activity (19, 20) . We therefore investigated whether dCBS activity was affected by changes in the ATP/AMP ratio. Having cloned and purified dCBS protein, we measured the activity of the recombinant protein using an in vitro assay to determine the sensitivity of dCBS activity to the presence/absence of ATP and AMP. We found no effect of these nucleotides on activity (Fig.  S4) . Thus, we find no evidence that in vitro dCBS activity is sensitive to ATP or AMP levels.
Based on our observations that TSP inhibition and dCBS overexpression affected total protein levels (Figs. 4F and 5G), we considered the possibility that the TSP might directly impact aging by modulation of global mRNA translation. Activation of the TSP would be predicted to drain metabolites from the methionine cycle and limit availability of this amino acid for protein synthesis. Reduction of general translation is associated with DR longevity in Saccharomyces cerevisiae and C. elegans (21-23), perhaps through a mechanism whereby key mRNA are preferentially translated (21, 24) . We found that, as in yeast and nematodes, DR in flies resulted in a nearly 50% decrease in global levels of protein synthesis and in total protein levels ( Fig.  6A and Fig. S5) . Surprisingly, inhibition of the TSP reversed these effects and had no effect on translation rates in fully fed animals ( Fig. 6A and Fig. S5 ). These data indicate that a significant portion of available methionine is used to support transsulfuration under low-nutrient conditions and that increased commitment of methionine to transsulfuration contributes to the decreased rate of overall translation.
Because TSP inhibition reversed diet-mediated changes in lifespan and protein translation, we explored the hypothesis that these two processes are causally linked. Under the assumption that TSP activity was affecting protein synthesis by modulating the availability of methionine, we supplemented the low-nutrient diet with free methionine to bring the dietary concentration of this amino acid up to the level found in nutrient-rich conditions, at which it is not limiting (25) . Our goal was to uncouple protein synthesis from TSP activity by ensuring sufficient levels of available methionine even in conditions of DR. The treatment was effective; methionine supplementation was sufficient to restore significantly higher levels of protein synthesis to diet-restricted animals ( Fig. 6A and Fig. S5B ). Fecundity was also We found no effect of RU486 on lifespan in control lines, further confirming that longevity extension results from dCBS overexpression. At least three independent replicate experiments revealed ubiquitous dCBS overexpression lifespan extension ranging from 12% to 43% (Table S1 ). (C) dCBS overexpression under the control of a neuronal driver (Elav) modestly extends lifespan. (D) dCBS overexpression predominantly in abdominal fat body, using the Geneswitch S1-106 driver, did not affect lifespan. (E) Overexpression of dCBS in gut, using the Geneswitch TIGS-2 driver, also had no effect on lifespan. (F and G) dCBS overexpression increases levels of triglycerides (TAG) (F) and decreases total protein (G); ***P ≤ 0.003. Relevant statistics for replicate longevity experiments are presented in Table S1 .
increased, as expected (25) . Lifespan, however, was unaffected, indicating that broad-spectrum reductions in protein translation are not required for DR longevity (Fig. 6B) .
Discussion
We have shown that the TSP, which controls the metabolism of sulfur-containing amino acids and is conserved across taxa, acts on nutritional information to modulate aging and physiology in an invertebrate model system. Inhibition of the TSP blocked nutrient-dependent changes in lifespan, triglyceride levels, and total protein. On the contrary, overexpression of the rate-limiting enzyme in the TSP, dCBS, was sufficient to enhance fat storage and mimic important aspects of DR, including reduced total protein levels and enhanced longevity. Our data therefore suggest a model whereby DR induces up-regulation of dCBS and the TSP to promote fat storage, inhibit protein synthesis, and increase lifespan. Thus, we establish a conserved regulatory function for the TSP in aging and a requirement of the pathway for multiple nutrient-dependent phenotypes in flies.
We found that up-regulation of the TSP upon diet restriction results in conditions whereby methionine becomes limiting for protein translation. Perturbing key components of the protein translation machinery modulates lifespan in yeast, worm, and fly (26), and it has been suggested that reduced translation is an important mechanism underlying DR longevity (21, 24) . By supplementing methionine to diet-restricted animals, however, we were able to restore translation to levels normally observed in fully fed animals without influencing lifespan, indicating that reduced translation per se is not the cause of enhanced longevity. Methionine was also recently used to uncouple diet-dependent reproductive output and longevity (25) . Thus, although our data do not rule out the possibility that a global reduction in protein translation is sufficient to increase lifespan, perhaps through a mechanism in common with DR, they do establish that this is not required.
There are several apparent candidate mechanisms that may be responsible for the effects of transsulfuration on fly lifespan and physiology. One possibility invokes oxidative stress. A heme-binding domain is absent from the yeast and protozoan CBS orthologues, but it is present in dCBS. Therefore, similar to mammals, dCBS activity in flies may be modulated by redox state to direct the synthesis of GSH and to influence xenobiotic and antioxidant responses. Diet-restricted flies do not exhibit significant changes in traditional antioxidant enzymes, suggesting that small molecular weight antioxidants may be influential (27) . However, whether these effects are directly related to increased lifespan remains to be determined. Indeed, the role of oxidative stress resistance in aging is controversial, and the data presented here may provide new avenues for determining whether there is a causal link between the two (28, 29) . Irrespective of the role of oxidative stress resistance in aging, alterations in redox homeostasis alone can impact cell-signaling pathways in many ways (30, 31) .
The position of the TSP at the nexus of several important biosynthetic pathways implicates other candidate mechanisms for its role in aging. Increased transsulfuration would promote increased cysteine biosynthesis and may allow its use in other pathways (32, 33) . We find that DR increases dCBS protein more than it does enzyme activity, suggesting that components of the TSP, along with metabolites involved in one-carbon metabolism, might be regulated posttranslationally through modification by sumoylation or allosteric regulation by AdoMet (10, 34) . Furthermore, the TSP is the primary source of hydrogen sulfide production in the cell (35) (36) (37) . Recent years have seen the identification of H 2 S as an important gaseous signaling molecule with physiological roles in nervous, vascular, and intestinal systems (38) (39) (40) . Notably, exposure of C. elegans to increased concentrations of H 2 S resulted in enhanced thermotolerance and increased lifespan (41) .
Regardless of the mechanisms involved, there are several indications that our results may be directly relevant to understanding human biology. Although it remains to be determined whether the TSP affects mammalian aging, it is promising that similar patterns of CBS regulation are seen in mammals, in which analysis of published and unpublished gene expression data revealed that CBS was up-regulated in adipose tissue of diet-restricted rats (42) . Furthermore, manipulation of the pathway in Drosophila affects development and fat deposition in a manner that mirrors effects seen in mice. We find that dCBS and TSP activity promote fat deposition in flies. This is reminiscent of the metabolic consequences of transsulfuration in mammals, in which hepatic CBS enzyme activity was significantly reduced when mice were fed a high-fat/high-sucrose diet (43) and CBS deficiency induced dysregulation of genes involved in hepatic lipid homeostasis (44, 45) .
It is notable that most metazoans rely on their diet to provide key sulfur-containing metabolites necessary for metabolic and regulatory functions. This requirement, together with the work described here, suggest that the TSP may be an essential component of the mechanism by which dietary intake influences organism health and longevity in animals ranging from fly to human.
Materials and Methods
Below we provide a brief overview of the methods used for experiments presented in this article. For further details, please see SI Materials and Methods.
Lifespan Studies. Following controlled larval rearing, same-age adult flies were allowed to mate and then were sorted by sex under light CO 2 anesthesia into vials for lifespan analysis. Flies were transferred to fresh food every other day, and dead flies were removed and recorded. For experiments involving inhibition of the transsulfuration pathway, proparglyglycine (Sigma) was added directly to the food during cooling (at 55°C) to give a final concentration of 2 mM. Molecular Biology. Protocols for cloning, glutathione measurement, western blotting, qPCR, identification of dCBS and measurement of its activity, metabolic labeling, and creation of expression plasmids used in this study can be found in SI Materials and Methods.
Fly Husbandry. Detailed media recipes are provided in Table S2 . . Inhibition of the TSP by PPG reverses the diet effect (P = 0.29 for flies maintained on a low-nutrient, PPG-supplemented diet vs. flies maintained on a high-nutrient diet), suggesting that activation of the TSP under DR may reduce methionine availability for translation. The reduction of global translation rates under DR can also be rescued by supplementing the food with methionine, confirming its limitation under these conditions. [
14 C]Serine is used for labeling, and P values are obtained from standard t test. (B) Longevity extension is not affected by methionine supplementation (1.5 mM), indicating that global changes in translation are not required for increased lifespan under DR. Sample sizes: n = 244 and n = 240 for diet restriction and diet restriction plus methionine respectively (P = 0.32); n = 240 and n = 241 for fully fed and fully fed plus methionine, respectively (P = 0.54).
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Identification of dCBS and Multiple Sequence Analysis. The complete human CBS amino acid sequence was BLASTed against the Drosophila genome using Flybase (www.flybase.org). CG1753 was identified as the sole Drosophila orthologue. CG1753 was then aligned against both human CBS and mouse CBS proteins by using the multiple sequence analysis tool ClustalW (http:// www.uniprot.org/) to establish similarity.
Cloning and Purification of dCBS. dCBS cDNA was obtained from the Drosophila Genomics Resource Center. cDNA was amplified and cloned into the EcoR1 site of pGEX4T-1. The sequences of all constructs in this study were verified by nucleotide sequence analysis. Escherichia coli Rosetta 2(DE3) pLysS cells were transformed and used to express the GST fusion protein. Cells were grown in 3 L of Luria-Bertani media at 30°C for 5 h to an OD 600 of 0.5 and induced with isopropyl-β-D-thio-galactoside 30 mg/L and allowed to grow for another 10 h. Cells were then collected by centrifugation and lysed by sonication in PBS solution, which contained 1 mM DTT and complete protease inhibitor mixture. After centrifugation at 10,000 × g for 30 min 4°C, the supernatant was mixed with GSH-Sepharose beads (20 mL) and incubated with slow motion at 4°C for 2 h. Beads were washed and incubated with PBS solution containing thrombin to liberate dCBS.
Lifespan Studies. To begin, an equal volume of eggs was distributed into bottles containing 30 mL of cornmeal/sugar/yeast food (recipes are detailed later) to control the density of developing larvae and synchronize the emergence of adults. Adults were collected within 24 h of eclosion, transferred to 10% sugar/yeast food, and kept for 2 d for mating. Flies were then sorted under light CO 2 anesthesia and placed into vials for lifespan analysis. For each treatment/genotype, at least eight replicate vials of 30 flies (male or female) were established. Flies were transferred to fresh food every other day, and dead flies were removed and recorded. Low (5%) and high (20%) sugar/yeast food concentrations were prepared by using hydrolyzed yeast (Fisher Scientific). Flies were kept at constant temperature (25°C) and humidity (60%) with 12 h/12 h light/dark cycles. For experiments involving inhibition of the TSP, PPG (Sigma) was added directly to the food during cooling (at 55°C) to give a final concentration of 2 mM. For experiments involving methionine supplementation, methionine (Sigma) was added to the food during cooling (at 55°C) to a final concentration of 1.5 mM.
The Dahomey lifespan experiment (Fig. 4B ) was performed at the University of Nebraska (Harshman laboratory) by using slightly different methods. Larvae were reared to adults at a standardized density, 75 eggs per vial. The rearing medium included 10% cornmeal, 8.3% Torula yeast, and 5.8% molasses with standard preservatives. After eclosion, virgin flies were sorted under light ether anesthesia and 60 adult flies were held at 27°C, 24 h illumination in a 950-cm 3 population cages. Low (5%) and high (15%) sugar/yeast food concentrations were prepared by using hydrolyzed yeast (Quest) and dextrose. Fresh food was provided every 4 d, and dead flies were removed and recorded.
GSH Measurement. Experimental flies were established following the procedures outlined earlier. We measured GSH levels by using HPLC based on methods described elsewhere (1) . Briefly, flies were weighed and homogenized in metaphosphoric acid solution followed by centrifugation at 12,000 × g for 5 min. Thiols in the supernatant were alkylated with monoiodoacetic acid and then aminolabeled with 2,4-dinitrofluorobenzene before separation on HPLC.
Western Blot Analysis. Experimental flies were established following the procedures outlined ealier for lifespan assays. They were then powdered in liquid nitrogen, and freshly prepared lysis buffer was added [100 mM phosphate buffer, pH 7.4, 150 mM NaCl, 0.1% Triton X-100, 0.1 mM PMSF, and 1 mM protease inhibitor mixture (Sigma)]. Lysis was continued on ice for 1 h with three freeze/thaw cycles. The samples were cleared by centrifugation at 15,000 × g for 10 min at 4°C. Protein concentrations were determined by using a BCA protein assay kit (Pierce). After electrophoresis on a 10% polyacrylamide gel and transfer to PVDF membrane, chicken polyclonal anti-human CBS antibody and mouse monoclonal anti-β-actin (Abcam) antibodies with their respective secondary antibodies were used to determine dCBS and actin levels with the latter as a loading control. Detection was performed by using a chemiluminescent horseradish peroxidase system (SuperSignal; Pierce).
Quantitative PCR. Flies were handled according to the procedures outlined above for lifespan assays. Total RNA was extracted from 10-d-old flies using TRIzol (Invitrogen). For each genotype/ treatment, at least three independent extractions were prepared by using 40 flies for each extraction. Extracted RNA was treated with 1 U DNase I (Invitrogen) and then used for cDNA synthesis using the SuperScript III first-strand synthesis kit (Invitrogen). Real-time PCR was performed by using RT 2 SYBR Green/Rox PCR master mix (SA Biosciences) and an ABI 7000 system. The following primers were used: dCBS forward, CAGCCGA-GAAGTCGCCCC; dCBS reverse, CCTCGAGGATGTTGGG-CG; RP49 forward, ACTCAATGGATACTGCCAG; and RP49 reverse, CAAGGTGTCCCACTAATGCAT.
Triglyceride Assay. Flies were handled according to the procedures outlined earlier for lifespan assays. For each measure, five female mice were collected on day 10 after eclosion and were homogenized in 300 μL PBS solution/0.05% Triton-X. Ten microliters of fly homogenate were then added to 200 μL of Infinity Triglyceride Reagent (Thermo Electron) and incubated at 37°C for 15 min with constant agitation. Triglyceride levels were determined by measuring absorbance at 520 nm, and total amounts were determined by using a triglyceride standard. Data were normalized to protein levels measured via the BCA method (Pierce). Each data point was based on eight replicates from three different vials. were obtained from the Vienna Drosophila RNAi Center and crossed to flies containing Geneswitch GAL4 driver under control of the α-tubulin84B promoter. Progeny used for lifespan experiments by using 5% and 15% sugar/yeast food. Flies were kept at 29°C during lifespan to enhance RNAi-mediated knockdown.
dCBS Overexpression. CG1753 cDNA was obtained from the Drosophila Genomics Resource Center and cloned into the pUASTattB vector. The resulting construct, as well as an empty vector control, were injected to multiple stocks that contained attB docking sites. Data presented are from integration into a third chromosome docking site (Bloomington no. 9741). Correct integrations and homozygosity were identified by genomic PCR by using the following primer sets: attB forward, GTC-GACGATGTAGGTCACGGTC; attB reverse, TCGACATG-CCCGCCGTGACCGTC; attP forward, CTTCACGTTTTCC-CAGGTCAGAAG; and attP reverse, GTCGCGCTCGCGCG-ACTGACGGTC. Control stocks were created by inserting empty vector into the same location. Fly lines containing φC31 docking sites were backcrossed to laboratory stocks for 11 generations before transgenic constructs were injected.
Sample Preparation and dCBS Activity Assay. Flies were directly frozen and powdered in liquid nitrogen. Frozen powder was homogenized in buffer containing 50 mM Tris, pH 8, 1 mM DTT, 0.1% Triton-X 100, and complete protease inhibitor mixture. Sample was incubated on ice for 20 min, followed by brief sonication. Homogenate was centrifuged at 12,000 × g at 4°C for 10 min to remove debris and unbroken tissues. dCBS activity was measured by a modification of a radioactive assay described previously (2) . The reaction mixture contained 250 mM Tris, pH 8.5, 20 mM [
14 C]serine (GE Healthcare), 15 mM homocysteine, and fly homogenate (100 μg protein unless noted otherwise) in a total volume of 400 μL. It was incubated at 37°C for 2 h and stopped with 200 μL of 20% trifluoroacetic acid. The product cystathionine was separated on a cation exchange column and quantified by using a scintillator counter. Two-week-old flies were used in activity assays unless noted otherwise. For the activity of purified dCBS, the reaction volume and incubation time were reduced to 200 μL and 20 min, respectively. ]methionine labeling, flies were collected and homogenized in 100 mM Tris-HCl, pH 8.0, containing 1% Triton X-100 and protease inhibitor mixture. Homogenates were centrifuged at 14,000 × g at 4°C for 10 min. Equal amounts of soluble protein from each sample were used for further subsequent processing. For [ 14 C]serine incorporation, proteins were TCA-precipitated, and pellets were washed three times with cold acetone, dissolved, and then added into scintillation vials. Radioactivity was counted using a scintillation counter. For 35 S labeling, 100 μg of protein from the soluble fractions were resolved in 12% SDS/PAGE. Radiolabeling was quantified by using a PhosphorImager from the total protein in each line.
Statistical Analysis. Unless otherwise indicated, pairwise comparisons between different treatment survivorship curves was carried out using the statistical package R with WinChecker, a survival analysis package developed in the Pletcher laboratory. P values were obtained by using a log-rank test. For comparisons involving gene expression, pairwise t tests were carried out by using independent RNA extractions as the unit of observation. Comparisons for GSH, enzyme activity, quantitative PCR, and triglyceride and protein levels were obtained by using a t test with group of flies as the observational unit.
Fly Food. Food recipes for the experiments described in Table S2 . Water #1 and agar were combined in a large kettle. The solution was simmered under slow mixing for 40 min. We then combined water #2, yeast, sucrose, dextrose (MP Biomedicals), and cornmeal (SYSCO) in a separate container and mixed well. This mixture was then added to the agar solution and mixing speed was increased while the food boiled for 15 min. Heat was removed, and the food was allowed to cool to 65°C, after which tegosept and propionic acid were added and the food was dispensed into 150-mL bottles or 28.5 × 95 mm vials (Genesee Scientific). Inhibition of TSP using PPG abrogates lifespan extension on DR (e.g., gray triangles vs. green triangles). There is little or no effect of PPG on fully fed flies (e.g., gray squares vs. green squares). (A) Canton-S background: P < 1 × 10 −10 ; n = 276 and n = 270 for control and PPG, respectively, under DR; and P < 1 × 10 −6 ; n = 278 and n = 279 for control and PPG, respectively, in fully fed conditions. (B) yw background: P < 1 × 10 −10 ; n = 234 and n = 234 for control and PPG, respectively, under DR; and P = 0.03; n = 233 and n = 238 for control and PPG, respectively, in fully fed conditions. (C) w1118 background: P < 1 × 10 −10 ; n = 237 and n = 233 for control and PPG, respectively, under DR; and P = 0.04; n = 235 and n = 235 for control and PPG, respectively, in fully fed conditions. Table S1 . Fig. S4 . dCBS activity is not altered by AMP or ATP. Measures of specific activity were obtained from purified dCBS in the presence (5 mM) and absence of specific nucleotides. Addition of AMP or ATP had no effects on dCBS activity in vitro. Error bars and P values (obtained from standard t test) are based on three independent measures. (Fig. 6 ). Each bar is based on four independent measures of translation using radiolabeled methionine supplemented to the relevant diet. P values are obtained from standard t test. Repeated experiments establish that ubiquitous dCBS overexpression in females extends lifespan from 11% to 41%. Males exhibit significant, but inconsistent effects. SY, sugar/yeast.
